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The purpose of the present study was to examine the effects of external work rate on joint
specific power and the relationship between knee extension power and vastus lateralis
muscle oxygen consumption (mVO2). We measured kinematics and pedal forces and used
inverse dynamics to calculate joint power for the hip, knee and ankle joints during an
incremental cycling protocol performed by 21 recreational cyclists. Vastus lateralis
mVO2 was estimated using near-infrared spectroscopy with an arterial occlusion. The main
finding was a non-linear relationship between vastus lateralis mVO2 and external work
rate that was characterised by an increase followed by a tendency for a levelling off
(R2 = 0.99 and 0.94 for the quadratic and linear models respectively, p < 0.05). When com-
paring 100 W and 225 W, there was a 43 W increase in knee extension but still a 9%
decrease in relative contribution of knee extension to external work rate resulting from
a 47W increase in hip extension. When vastus lateralis mVO2 was related to knee exten-
sion power, the relationship was still non-linear (R2 = 0.99 and 0.97 for the quadratic and
linear models respectively, p < 0.05). These results demonstrate a non-linear response in
mVO2 relative to a change in external work rate. Relating vastus lateralis mVO2 to knee
extension power showed a better fit to a linear equation compared to external work rate,
but it is not a straight line.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
During aerobic steady-state cycling exercise, the change in external work rate shows a linear relationship with the cor-
responding change in whole body oxygen consumption (pVO2) (di Prampero, 2000; Ettema & Loras, 2009). Also, when look-
ing at the entire leg as a whole during a multi-joint exercise such as cycling, a linear relationship is found between the
increase in external work rate and leg VO2 (Calbet et al., 2007). However, in multi-joint exercise, a change in external work
rate does not necessarily lead to a homogeneous change in all active tissues with regard to their contribution in producing
work (Dorel, Guilhem, Couturier, & Hug, 2012).
From cycling kinematics and pedal forces, inverse dynamics can be used to quantify joint specific contribution to the
external work rate. In cycling exercise, power is mainly produced by the hip, knee and ankle joints (Ericson, 1988;
Ettema, Loras, & Leirdal, 2009), and several studies have investigated the effect of work rate on the contribution of these
joints (Elmer, Barratt, Korff, & Martin, 2011; Ericson, 1988). Using external work rates ranging from 250W to 1100 W
(maximal), Elmer et al. (2011) reported decreasing relative contribution from knee extension while Ericson reportedondheim
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bution (Ericson, 1988). Although there appears to be no complete consensus, the knee extension contribution to external
work rate during a multi-joint task may differ from that reported during isolated knee extension (Andersen, Adams,
Sjogaard, Thorboe, & Saltin, 1985).
Alteration in the contribution of a joint to external work rate will likely influence the metabolic demands of the active
tissues spanning the respective joints, but if we want to investigate this, we need to assess the muscle directly. In vivo deter-
mination of muscle VO2 (mVO2) is difficult to accomplish during exercise without invasive techniques, but recent advances
in near-infrared spectroscopy (NIRS) have enabled the measurement of mVO2 in vivo. NIRS is a non-invasive, continuous
method that can be used to study the balance between O2 delivery and O2 extraction at the muscle level by measuring con-
centration changes in oxygenated and deoxygenated haemoglobin andmyoglobin (similarities in absorption spectra result in
an inability to differentiate between haemoglobin and myoglobin). Changes in deoxyhaemoglobin (HHb) have been regarded
to represent changes in the oxygen extraction of the microvasculature (DeLorey, Kowalchuk, & Paterson, 2003). Total hae-
moglobin (tHb) is calculated as the summation of HHb and oxyhaemoglobin (O2Hb) and is used to evaluate changes in blood
volume within the active tissue. In addition, by the application of an arterial occlusion, one can calculate mVO2 and thus
obtain a non-invasive estimate of local muscle energy expenditure (Van Beekvelt, Colier, Wevers, & Van Engelen, 2001).
The use of the arterial occlusion method to calculate mVO2 provides a more direct evaluative tool/measure of the metabolic
demands of the individual muscles. A lack of studies measuring mVO2 during exercise exists despite the reports showing
NIRS to be a reliable method (Ryan, Brophy, Lin, Hickner, & Neufer, 2014; Van Beekvelt et al., 2001).
Several recent studies have investigated changes in HHb and/or tHb in relation to increasing external work rate (Bellotti,
Calabria, Capelli, & Pogliaghi, 2013; Boone, Barstow, Celie, Prieur, & Bourgois, 2014; Boone, Koppo, Barstow, & Bouckaert,
2009; Ferreira, Koga, & Barstow, 2007; Ferreira, Lutjemeier, Townsend, & Barstow, 2006; Murias, Spencer, Keir, &
Paterson, 2013; Spencer, Murias, & Paterson, 2012). Indeed with regard to HHB, these studies show that individual muscles
show a non-linear response to a change in cycling exercise intensity, with a tendency to level off as intensity increases above
82% of peak external work rate (Bellotti et al., 2013; Boone et al., 2009; Ferreira et al., 2007; Murias et al., 2013; Nagasawa,
2008; Spencer et al., 2012). Blood volume has been reported to plateau at 80% of peak external work rate during incremen-
tal cycling exercise (Boone et al., 2014) and also to be similar at lactate threshold compared to maximal exercise (Ferreira
et al., 2006). The results on cycling exercise again seem to be in contrast to the findings on isolated knee extension tasks,
where a linear relationship has been reported between external work rate and knee extensor VO2 (Andersen & Saltin,
1985) and leg VO2 (Richardson et al., 1995). To the best of our knowledge only one study has used NIRS to investigate
mVO2 in cycling exercise and this study reported no increase in vastus lateralis mVO2 from an intensity increase of 50–
70% of VO2peak (Nagasawa, 2008).
A non-linear mVO2 response to an increase in external work rate would be in line with the findings of a changing relative
joint contribution with increasing external work rate. In addition, it would be a clear indication that a change in cycling exer-
cise intensity is not characterised by just ‘‘pressing harder” on the pedals, but rather a change in technique. A change in tech-
nique seen through a change in muscle recruitment pattern (Dorel et al., 2012) and a shift towards larger contribution from
hip extension and knee flexion (Elmer et al., 2011). Simultaneous quantification of vastus lateralis oxygen consumption and
joint powers in relation to external work rate will further our knowledge regarding metabolic demands in the active tissues
in response to exercise. With the classical findings on isolated muscle (Fenn, 1924), the findings from studies on local mus-
cles and the previously mentioned findings on joint powers and the effect of external work rate, it would be reasonable to
expect that mVO2 is more closely related to joint specific power than to external work rate.
Thus, the purpose of the present study was to investigate how increasing external work rate influences the absolute and
relative power contribution different joints and the relationship between knee extension power and mVO2 of the vastus lat-
eralis. We expect a non-linear relationship for vastus lateralis mVO2 with external work rate, as well as a decreasing relative
knee extension contribution when external work rate increases. In addition, we expect a linear relationship between the vas-
tus lateralis mVO2 and knee extension power in line with isolated knee extension models and the Fenn-effect.
2. Methods
2.1. Participants
Twenty-one recreationally trained level 3 cyclists (age; 40 ± 5.6 yrs; body mass, 83.1 ± 5.5 kg; height, 183.4 ± 5.0 cm
pVO2peak; 53.8 ± 5.7 ml/kg/min, maximum aerobic power; 371.5 ± 23.4 W and vastus lateralis adipose tissue thickness;
5.3 ± 1.8 mm) participated in the study (Ansley & Cangley, 2009). Permission to conduct the study was given by the regional
ethical committee and a signed written informed consent was obtained from all participants prior to their participation in
the study.
2.2. Protocol
The participants came to the laboratory on two days. The first day started with the measurement of the height and body
mass of the participants. This was followed by an arterial occlusion test consisting of a 10-min occlusion. The occlusions
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during rest in a semi-supine position with an inflatable cuff placed on the upper right thigh. Muscle oxygenation was mea-
sured continuously throughout the test. The second day started with resting measurements of mVO2, blood lactate, heart
rate and pVO2. This was followed by a cycling exercise test, which started with 4 min of unloaded cycling followed by an
incremental test protocol, starting at 100 W, with 25W increments every 4 min until the blood lactate level exceeded
4 mmol/l. The participants used a freely chosen cadence throughout the test. Blood lactate was measured at the end of each
workload. Pedal force and kinematic variables were measured three times during each workload for a period 15 s. Changes in
muscle oxygenation, heart rate and pVO2 were measured continuously throughout the test and mVO2 was measured during
the final 20 s of each work rate. The participants were instructed to cycle with a constant trunk and hand position during the
entire test. After 5 min of active recovery, a maximum aerobic power test was performed that started at the work rate cor-
responding to that last completed during the incremental test. The external work rate was increased by 25W/min until
exhaustion and pVO2 was measured continuously during the test to measure pVO2peak. Skinfold thickness was measured
directly after the maximum aerobic power test at the site of the NIRS optode.
2.3. Equipment and measurements
All measurements were conducted in a laboratory with stable conditions (temperature 21 C and relative humidity
(45%). All cycling was performed on an electronically braked cycle ergometer with constant external resistance (Velotron,
RacerMate Inc., Washington, USA). Blood lactate was measured in 20 ll blood samples using a Biosen C-Line Sport lactate
measurement system (EKF Industrial Electronics, Magdeburg, Germany). Heart rate was measured with a handheld heart
rate monitor (Polar RS800, Polar Electro OY, Kempele, Finland). Skinfold thickness was measured using a skinfold calliper
(Holtain skinfold calliper, Holtain Ltd, Crymych, Wales). pVO2 was measured with an open-circuit indirect calorimetry appa-
ratus (Oxycon Pro, Jaeger GmbH, Hoechberg, Germany), which was calibrated on each day of testing using a gas of known
concentration (16.0% O2 and 5.85% CO2, Riessner-Gase GmbH & Co, Lichtenfels, Germany) and a 3-liter syringe (Hans
Rudolph Inc., Kansas City, MO, USA). Pedal forces were measured with pedals equipped with two force cells (Revere Model
9363, capacity 250 kg per cell, the Netherlands) capable of measuring vertical and horizontal forces with a sample rate of
500 Hz. The pedals were calibrated by applying shear and normal forces using weights of different magnitudes fastened
on the pedals in directly vertical and horizontal directions. A detailed description of the force pedal system can be found
in Ettema et al. (2009). Cycling kinematics were measured using a ProReflex 3D motion analysis system (Qualisys, Sweden)
with eight cameras. Reflective markers were placed on the hip (greater trochanter), knee (lateral epicondyle) and ankle (lat-
eral malleolus) joints and on extensions placed symmetrically on the pedal axis. Changes in muscle oxygenation were mon-
itored using a continuous-wave near-infrared spectrophotometer (OxymonMKIII, Artinis Medical Systems, the Netherlands).
The system used wavelengths of 856 and 766 nm, corresponding to the absorption wavelengths of oxyhaemoglobin and
deoxyhaemoglobin respectively. The NIRS system was set to sample at 50 Hz. The NIRS optode consisted of one receiver
and three transmitters with source-detector distances of 30, 35 and 40 mm, respectively. After the optode site had been
shaved, the optode was placed on the muscle belly of the vastus lateralis muscle on the right leg, approximately 12 cm prox-
imal to the patella and secured with tape and elastic bandages. The optode position was marked with a pen to be consistent
for all tests. The system was calibrated according to the manufacturers’ guidelines. mVO2 was calculated from the arterial
occlusion method. The arterial occlusions were applied by means of a pneumatic cuff that was placed around the upper thigh
of the right leg and that was rapidly and automatically inflated (to a pressure of 300 mmHg) and deflated (Hokanson E20
Rapid Cuff Inflator + Hokanson AG-101 Air Source, Marcom Medical ApS, Denmark).
2.4. Data analysis
Heart rate for each work rate was defined as the average over the last minute prior to the start of the arterial occlusions
(i.e. from 2:40 to 3:40). Peak heart rate (HRpeak) was defined as the highest heart rate attained during the maximum aerobic
power-test. Pulmonary VO2 was averaged over the last minute of each work rate prior to the arterial occlusions and peak
pVO2 (pVO2peak) was defined as the highest one-minute average attained during the maximum aerobic power-test. Maxi-
mum aerobic power was defined as the average power sustained during the final minute of the maximum aerobic power
test. Adipose tissue thickness was calculated as skinfold thickness/2.
Joint powers for the legs (i.e. hip, knee and ankle joints) were calculated using inverse dynamics for a linked system of
rigid segments (Ettema et al., 2009; Hull & Jorge, 1985; McGhie & Ettema, 2011). For our analysis we were interested in joint
angular velocities, thus any difference between true joint angle and measured joint angle is of no effect. Parameters for cal-
culating masses and moments of inertia were taken from van Soest, Schwab, Bobbert, and van Ingen Schenau (1993). Joint
powers were averaged over all complete crank cycles from the kinematic and kinetic measurements. Additionally, joint
specific power was calculated separately for the extension and flexion phases of the joint action (Martin & Brown, 2009).
Joint specific powers are expressed as the absolute power and as the relative contribution to the total power production
for each joint and for the flexion and extension phases.
Changes in muscle oxygenation were calculated as average values at rest and during the final 30 s of each work stage prior
to the arterial occlusions. For each participant, the resting value and the maximal level of deoxygenation obtained from the
incremental cycling test was used for normalisation to 0 and 100% respectively. mVO2 was calculated as the slope of linear
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mVO2 is based on the assumption that blood volume is constant during the arterial occlusions. Due to forceful contractions
during cycling it is difficult to be certain that the assumption holds, thus, the NIRS signal was corrected for changes in blood
volume according to Ryan, Erickson, Brizendine, Young, and McCully (2012) prior to mVO2 calculation. Because we were
interested in the effect of external and knee joint work rate, mVO2 is expressed as rate of change relative to the physiological
range from ischemic calibration Ryan et al. (2012). In order to ensure minimal anaerobic contribution, only measurements
with corresponding blood lactate <4.0 mmol/l and RER values <1.0 were included for mVO2 calculation. Additionally, all
regression analyses were quality checked and only regressions with a R2 of 0.98 or better were included for further analysis.
2.5. Statistical analysis
The descriptive data are presented as means ± SD. Repeated measures ANOVA was used to evaluate the effect of work rate
on HHb, tHb, pVO2 and mVO2 and absolute and relative joint power contribution. When significant main effects of work rate
were found, post hoc analysis was performed using Bonferroni corrections to evaluate differences between work rates. If the
assumption of sphericity was violated, results were adjusted according to the Greenhouse-Geisser correction. A linear and
quadratic model was fitted to group data to evaluate if there was a linear or non-linear relation between mVO2 and external
work rate, mVO2 and external work rate relative to maximum aerobic power and mVO2 and joint specific power. A 2 Log
likelihood ratio test was used to evaluate if adding a quadratic term to the model lead to a significant improvement in model
fit. Statistical significance was accepted at p < 0.05 and all statistical analysis was performed using SPSS 22.0 (SPSS, Chicago,
USA) for windows and Matlab R2013a (MathWorks Inc. Natic, USA).
3. Results
Out of the 21 participants, 8, 8 and 5 performed their final stages with an external work rate of 225, 250 or 275W respec-
tively. Since the participants differed in the peak workload they were able to complete, we checked for potential differences
between the participants that completed different peak work rates. If no differences existed for the variables of interest, we
analysed the participants in one group and maintained statistical power. There was a main effect of increased external work
rate leading to increased pVO2, blood lactate, heart rate and cadence (Table 1).
There was a significant main effect of external work rate on joint power on the hip, knee and ankle joints (all p < 0.01)
(Fig. 1a). Post hoc analysis revealed a significant increase in joint power for all increases in external work rate for the hip
and knee joints (all p < 0.05). For the ankle joint, a significant increase in joint power was seen with increasing external work
rate up to 200 W (all p < 0.05) afterwards it remained stable (p = 0.22). For relative joint contribution, there was a decrease in
the relative knee joint contribution (p < 0.01) and an increase in the relative hip joint contribution (p < 0.01). For the ankle
joint, no significant changes in the relative contribution was found. Post hoc analysis showed an increase in hip joint con-
tribution from 125W to 150 W and 200 to 225W (all p < 0.05). There was a decrease in knee joint relative contribution from
200W to 225W (p < 0.05).
Both the flexion and extension phases of knee joint specific power showed significant increase with increasing power
(Fig. 2a). Knee joint power in the extension phase increased significantly for all increments in work rate except for 200–
225W where only a tendency was seen (p = 0.08). Knee joint power in the flexion phase only showed significant increase
from 100 to 125 W and from 200 to 225W (p < 0.05). For the relative contribution of the flexion and extension phases for
the knee joint (Fig. 3b), a significant decrease was found following increased external work rate (both p < 0.05). For the
extension phase power contribution, only an increase in external work rate from 200 to 225W led to a significant decrease
in knee joint power. For the flexion phase, no single increase in external work rate led to a significant change in joint powerTable 1
The effect of work rate on blood lactate, pulmonary oxygen consumption, respiratory exchange ratio, heart rate, cadence, vastus lateralis total haemoglobin and
vastus lateralis deoxygenation.
External work rate 100 W 125 W 150W 175W 200 W 225W 250W 275 W
n 21 21 21 21 21 21 13 5
BLa (mmol/l) 1.38 ± 0.42 1.43 ± 0.44 1.52 ± 0.48 1.83 ± 0.56*,y 2.55 ± 0.72*,y 3.68 ± 1.22*,y 4.68 ± 1.5*,y 5.66 ± 0.76*,y
pVO2 (l/min) 1.80 ± 0.14 2.08 ± 0.13*,y 2.34 ± 0.17*,y 2.61 ± 0.18*,y 2.92 ± 0.18*,y 3.21 ± 0.19*,y 3.58 ± 0.20*,y 3.79 ± 0.12*,y
RER 0.85 ± 0.05 0.90 ± 0.04*,y 0.91 ± 0.03* 0.92 ± 0.03*,y 0.93 ± 0.03*,y 0.96 ± 0.03*,y 0.98 ± 0.04*,y 0.99 ± 0.04*
Heart rate (%of peak) 58.0 ± 4.5 62.3 ± 5.3*,y 67.4 ± 5.5*,y 72.3 ± 5.7*,y 77.4 ± 5.5*,y 82.9 ± 4.7*,y 86.5 ± 3.5*,y 89.0 ± 2.2*,y
Cadence (rpm) 86.7 ± 9.3 89.0 ± 9.3*,y 90.4 ± 9.0* 92.3 ± 9.2*,y 93.1 ± 8.7* 94.4 ± 8.5* 96.6 ± 8.8* 96.4 ± 5.5*
DtHb (lm) 4.1 ± 3.0a,y 7.8 ± 4.1*,y 11.9 ± 5.9*,y 14.6 ± 6.3*,y 16.0 ± 7.1*,y 16.1 ± 7.9* 18.2 ± 8.5* 18.0 ± 6.0*
HHb (% of physiological range) 21.2 ± 13.0a,y 27.9 ± 16.4*,y 35.3 ± 16.9*,y 41.9 ± 17.5*,y 48.3 ± 18.4*,y 55.8 ± 19.9*,y 60.8 ± 12.0*,y 62.4 ± 15.2*,y
Values are mean ± st.dev. BLa = blood lactate, pVO2 = whole body oxygen consumption, RER = respiratory exchange ratio, DtHb = change in total hae-
moglobin from resting value and HHB = vastus lateralis deoxygenation in percent of the physiological range determined from the arterial occlusion test.
a Indicate a significant difference from resting measurements where applicable (p < 0.05).
* Indicate a significant difference from the first work rate (p < 0.05).
y Indicate a significant change from previous external work rate (p < 0.05).
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Fig. 1. Group mean and standard deviation for hip (square), knee (circle) and ankle joint (triangle) presented as absolute joint specific power (A) and
relative contribution to external work rate (B). yIndicate a significant change in joint power from previous external work rate for the respective joint
(p < 0.05).
K. Skovereng et al. / Human Movement Science 45 (2016) 161–171 165(all p > 0.05). For the hip joint, all increases in external work rate led to an increase in hip extension (all p < 0.05). No change
was found in hip flexion.
The relative contribution of hip flexion increased following an external work rate increase from 125 to 150 W and 200 to
225W (p < 0.05).
There was an overall effect of external work rate on HHb and tHb in the vastus lateralis (p < 0.01). For tHb, there was an
increase with each increase in external work rate from 100W that continued until 200 W (p < 0.05) after which it remained
stable (Table 1). For HHb, a linear trend was seen and significant increase was found with each increase in external work rate
(p < 0.01). The response in HHb, O2Hb and tHb throughout the protocol can be seen in Fig. 4.
There was a significant overall effect of increasing external work rate on the corresponding increase in mVO2 (p < 0.01).
Post hoc analysis revealed a significant increase in mVO2 with each increase in external work rate from 100W until 175W
(p < 0.05) while no further significant changes were seen above 175W (all p > 0.27), thus it levelled off (Fig. 5).
When mVO2 were related to external work rate (Fig. 5), the likelihood ratio test scores showed significant improvement
by adding a quadratic term to the model (score of 22.88; p < 0.01). When mVO2 was related to external work rate the R2 val-
ues for the quadratic and linear models were 0.99 and 0.94 respectively (Fig. 5a). When mVO2 was related to external work
rate expressed as percentage of maximum aerobic power (Fig. 5b), we still found a significant improvement by adding a
quadratic term to the model (score 15.92; p < 0.01). When vastus lateralis mVO2 was related to knee joint power averaged
over the entire pedal stroke, the likelihood ratio test score still showed a significant improvement by adding a quadratic term
to the model (score of 11.94; p < 0.01). When knee joint power was calculated for the extension phase only, i.e. knee exten-
sion power (Fig. 5c), there still was a significant improvement by the quadratic term (score of 6.52; p < 0.05). Respective R2
values were 0.99 and 0.97 for the quadratic and linear models indicating that the relationship was still non-linear.
4. Discussion
The purpose of the present study was to examine the effect of external work rate on knee joint power and mVO2 in the
vastus lateralis during incremental cycling exercise. In accordance with our hypothesis, the main finding was that the rela-
tive knee joint contribution decreases when the external work rate increases and that the relationship between vastus lat-
eralis mVO2 consumption and external work rate appears to be non-linear and characterised by a tendency to level off at
high external work rate. This is, to the best of our knowledge, the first study to relate the local muscle measurements of
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166 K. Skovereng et al. / Human Movement Science 45 (2016) 161–171mVO2 from NIRS to the joint specific power. Contrary to our hypothesis, vastus lateralis mVO2 also showed a non-linear rela-
tionship with the joint specific power produced at the knee joint.
In the present study we found that the knee extension was the largest contributor to power production at all exercise
intensities and increased following increasing external work rate, which is in accordance with previous reports done on sub-
maximal cycling (Broker & Gregor, 1994; Ericson, 1988). When comparing external work rate of 100–225W, there was an
increased relative hip contribution (9%) and a corresponding decrease in relative knee contribution with increased external
work rate despite an increase in knee extension power of 43W. The main contributor to the increased relative hip contri-
bution is a 47 W increase in hip extension at an external work rate of 225W compared to 100 W. This is also supported by
previous research (Elmer et al., 2011; Ericson, 1988; Martin & Brown, 2009), where Martin and Brown (2009) even found a
predominant contribution from the hip joint when cycling at maximal external work rate.
The 9% reduction in the relative knee contribution following an increase in external work rate from 100W to 225W is
comparable with previous results (Elmer et al., 2011) (Ericson, 1988) although the range of external work rates of the present
study is smaller compared to the previous studies. Thus, the percentage reduction in knee joint contribution per watt
increase in external work rate is larger in the present study. We used 4 min exercise bouts, whereas other studies have used
bouts of less than 30 s (Elmer et al., 2011; Ericson, 1988). The use of a steady state condition may be the cause of the
increased effect on relative knee contribution to external work rate given that other conditions were similar to the previous
reports. Taken together, the current findings indicate that to increase external work rate in cycling, there is a shift in tech-
nique with greater emphasis on the hip extension in the generation of external work rate.
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work rate showing no further increase over an external work rate of 175W. This is contrary to the linear increase seen in
pVO2. Relating mVO2 to percentage of maximal aerobic power showed similar results with no significant increase in
mVO2 above 55% of maximal aerobic power. Vogiatzis et al. (2015) found only a small increase in mVO2 on middle part
of the vastus lateralis after an intensity increase from 50% to 80% of VO2peak. Nagasawa measured mVO2 with NIRS on the
vastus lateralis directly after dynamic cycling exercise and reported no increase in mVO2 from 50% to 70% of VO2peak
(Nagasawa, 2008).
When we expressed vastus lateralis mVO2 as a function of knee joint power, we did not find a linear relationship and the
relationship was still not linear when knee joint power calculated for the extension phase of the knee. Several previous stud-
ies have reported changes in joint specific power following increasing external work rate in cycling exercise (Elmer et al.,
2011; Ericson, 1988), but this is, to the best of our knowledge, the first study to relate these technical changes to a local mus-
cle metabolic response. Because the vastus lateralis is a mono-articular knee extensor and a major power producer in cycling
(Zajac, 2002) and given the linear relationship between work rate and muscle energy expenditure in isolated muscle (Fenn,
1924), the non-linear relationship between vastus lateralis mVO2 and knee joint power in the extension phase was unex-
pected. This finding indicates a non-linear mVO2 of vastus lateralis is not fully explained by changes in joint specific power
and one of the factors contribution might be bi-articular muscle function.
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quadratic and linear model is smaller when mVO2 is expressed as a function of knee extension power compared to external
work rate (6.5 vs 22.9 respectively). If we compare our results with others that quantify knee extension power, we find an
mVO2 increase of 72% following an increase in knee extension power of 37 W. Richardson found a 65% over a 40 W
increase during isolated knee extension (Richardson et al., 1995). The effect of external work rate on mVO2 seen thus to
be quite similar in the present study compared to isolated knee extension.
Knee joint power includes the transfer of power from the hip by bi-articular muscles. This transfer of mechanical energy
from the hip to the knee joint has been quantified to 6% (Broker & Gregor, 1994). The gluteus muscles have been described
as a main power producing muscle along with the vasti muscles (Zajac, 2002). The gluteus muscles have indeed been
reported to become increasingly more active at intensities above 70% of maximal aerobic power (Hug, Bendahan, Le Fur,
Cozzone, & Grelot, 2004), an intensity comparable with the intensity were we see no further mVO2 increase in the present
study. Some of the power produced by the gluteus muscles is thought to be transferred from hip joint to knee joint through
the rectus femoris (Schenau, 1989). Although we did not measure EMG in the present study, the rectus femoris has been
reported to increase its activity to an increasing degree at higher intensities (Blake, Champoux, & Wakeling, 2012).
The NIRS measurements in the present study focus on only one of several muscles spanning the knee joint, muscles that
may elicit a different response to changes in external work rate. Indeed different deoxygenation responses of individual mus-
cles have been reported (Chin et al., 2011; Spencer, Amano, Kondo, Kowalchuk, & Koga, 2014). In line with the bi-articular
muscle function (Schenau, 1989) and muscle activation results (Blake et al., 2012; Dorel et al., 2012), the study by Spencer
et al. (2014) showed increasing muscle deoxygenation in the rectus femoris at approximately 73% of peak external work rate.
Chin et al. showed a significant difference between vastus lateralis and rectus femoris deoxygenation, but only up to 80% of
peak external work rate (Chin et al., 2011). The levels of external work rate for the break points in the studies by Chin and
Spencer (Chin et al., 2011; Spencer et al., 2014) are somewhat higher than that of the plateau in the present study (i.e. 230
and 225 W respectively compared to between 175 and 200W in the present study). This may be due to the use of a step
protocol in the present study, which has been shown to produce similar responses on pVO2, NIRS and EMG measurements,
at lower external work rates (Boone, Koppo, Barstow, & Bouckaert, 2010).
Following increasing work rate, we found an increase in cadence (Table 1). The participants used a freely chosen cadence
because a set cadence could potentially influence their technique. We wanted external work rate to be the only thing we set
and changed. The change in cadence was small (8 rpm) and submitted data from our lab showed no effect on VL mVO2 of
increasing cadence from 80 to 90 rpm at a moderate intensity. The same data show an increase in knee extension following
increasing cadence, so if there is any effect of cadence on the data in the present study, it may underestimate the tendency
for levelling off in the VL muscle.
Coordination of the different muscles spanning the knee joint and the influence of bi-articular muscles will be factors
influencing the measurements at the joint level but not the individual muscle. In the present study, we used blood lactate
measured in the finger and RER-values to evaluate anaerobic metabolism contribution. It is possible that local anaerobic
metabolism took place despite the fact that we did not include measurements with corresponding RER values above 1
and blood lactate samples above 4. This will underestimate mVO2 at the higher work rates and it may contribute to the lack
of a linear relationship between mVO2 and joint specific power. Additionally, we measured mVO2 at one site on the vastus
lateralis which leads to a small area of measurement. Spencer et al. (2014) reported differences in O2 extraction between
proximal and distal parts of the vastus lateralis, differences that may also exist for mVO2 and could have influenced the
results of the present study.
The arterial occlusion method was used to calculate mVO2. This method relies on the assumption that blood volume
within the measured tissue remains constant during the calculation. It becomes clear from Fig. 4 that this is not the case,
thus the NIRS signal was corrected for changes in blood volume prior to mVO2 calculation in accordance with Ryan et al.
(2012). Additionally, adipose tissue thickness have also been reported to confound NIRS measurements and thus mVO2
(van Beekvelt, Borghuis, van Engelen, Wevers, & Colier, 2001). However, expressing mVO2 as change in individual ischemic
calibration have been reported to minimize the confounding effect of adipose tissue thickness (Brizendine, Ryan, Larson, &
McCully, 2013). When expressing mVO2 as change in individual ischemic calibration, the resting mVO2 in the present study
(0.4% of ischemic calibration/s) is comparable to previously reported values using the same NIRS method for expressing
mVO2 (31). The effect of work rate on vastus lateralis deoxygenation found in the present study was also in agreement with
the literature (Ferreira et al., 2007; Peltonen et al., 2013; Racinais, Buchheit, & Girard, 2014; Spencer et al., 2012, 2014). For
blood volume we found a levelling off at 73% of VO2peak, an intensity which is in accordance with previous studies (Boone
et al., 2014; Grassi, Quaresima, Marconi, Ferrari, & Cerretelli, 1999). Lastly, within muscle variability of mVO2 has been
reported (Vogiatzis et al., 2015). Since we only used one optode in the present study, there is a possibility that such hetero-
geneity has influenced our results and this should be a focus on future studies.
In conclusion, we found a non-linear relationship between mVO2 and external work rate and a decreasing contribution
from knee extension with a corresponding increase in hip extension with increasing external work rate. These findings indi-
cate that increasing external work rate in cycling exercise in not characterised by simply ‘‘pressing harder on the pedals” but
rather a change in technique. Vastus lateralis mVO2 showed a better fit to a linear model when related to knee extension
power compared to external work rate, but still a significant deviation from the straight line was present. This indicates that
joint action power does not fully reflect the work rate delivered by a single local muscle. The findings of the present study
170 K. Skovereng et al. / Human Movement Science 45 (2016) 161–171indicate care should be taken when interpreting the effects of changing external work rate regarding work rate of individual
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